c-di-GMP based on conservation of all critical residues involved in ligand recognition, including those in the c-di-GMP switch (Figs. 1B and S1). However, a 4-residue insertion on the Cterminal side of the switch sequence in PP4397 (Fig. 1B) suggests that the change in interdomain interactions induced by c-di-GMP binding will differ in detail in this protein compared to that observed in VCA0042, even in the likely case that the stereochemistry of ligand binding is conserved. No experimental data on the interaction PP4397 with c-di-GMP has yet been reported in the literature.
The next most similar structure to the C-terminal PilZ domain in VCA0042/PlzD is the single-domain protein PA4608 from P. aeruginosa (PDB ID 1YWU) (Ramelot et al., 2007) , which gives a Z-score of 8.0 and an RMSD of 2.9 Å for alignment of 92 Cα atoms from residues sharing 15% sequence identity (Figs. 1B & S1) . Interestingly, the solution NMR structure of this protein shows that the c-di-GMP switch at its N-terminus is disordered in the absence of c-di-GMP, which results in disappearance of its backbone resonances due to chemical exchange broadening (Ramelot et al., 2007) . The authors of this NMR work infer that the c-di-GMP switch is likely to interact directly with c-di-GMP and become well ordered upon ligand binding. However, this conclusion is based primarily on analyses of sequence conservation patterns because the chemical shift perturbations upon ligand binding are too strong to permit facile interpretation and experiment identification of the binding site.
The other structural homologues of the C-terminal PilZ domain in VCA0042/PlzD all give substantially lower Z-scores and lack of conservation of the key sequence motifs characteristic of PilZ domains (Amikam and Galperin, 2006) (Fig. 1B) , making it very unlikely that they bind c-di-GMP. The most similar of these structures is a domain in a putative styrene monooxygenase from Thermus thermophilus (PDB ID 1USC; E. Inagaki, H. Takahashi, & T.H. Tahirov), which gives a Z-score of 6.0 and an RMSD of 2.7 Å for alignment of 83 Cα atoms from residues sharing 7% sequence identity.
Hydrodynamic analyses of VCA0042/PlzD oligomeric state in solution.
Static and dynamic light-scattering measurements as well as sedimentation velocity analytical ultracentrifugation measurements (Fig. S3) show that VCA0042/PlzD forms a stable and monodisperse dimer either in the presence or absence of c-di-GMP (Table S2) . Similar results are obtained in buffers either with or without 5 mM MgCl 2 and 10 mM KCl, although the static light-scattering measurements suggest that a minor degree of subunit dissociation occurs in the absence of c-di-GMP in the buffer lacking both Mg ++ and K + (Table S2 ). However, both of these ions are present under physiological conditions, so the protein is likely to function as a stable dimer in vivo.
Ligand-dependent conformational differences outside of the c-di-GMP switch. Comparing the apo and c-di-GMP bound crystal structures, the YcgR-N* domains superimpose with a Cα RMSD of 0.6 Å for residues 24-133 (Fig. S5D) , while the C-terminal PilZ domains superimpose with a Cα RMSD of 1.0 Å for all residues other than those in the c-di-GMP switch (Fig. S5B ). Comparing the same residues in the two protomers related by non-crystallographic symmetry (NCS) in the c-di-GMP complex structure, the YcgR-N* domains superimpose with a Cα RMSD of 0.3 Å while the PilZ domains superimpose with a Cα RMSD of 0.6 Å. These results indicate only minor conformational changes occur in either domain upon binding c-di-GMP, although slightly larger changes occur in the PilZ domain than the YcgR-N* domain. The largest conformational difference in the YcgR-N* domain involves a small (~1 Å) movement of the bulged β-turn connecting β-strands 5-6, which is likely to be a consequence of c-di-GMP binding given the direct contact between this protein segment and the c-di-GMP switch in the same protomer. Conformational differences are observed at four sites in the PilZ domain that are all relatively remote from the c-di-GMP binding-site, i.e., the loops connecting β-strands 1-2, 4-5, and 5-6 and the β-hairpin formed by β-strands 7-8 at the C-terminus of domain (Fig. S5B) . The first two of these loops are the only sites of significant backbone dihedral angle changes outside of the c-di-GMP switch (Fig. S4) . However, all three of these loops directly contact neighboring dimers in the crystal lattice in the c-di-GMP complex structure, so the observed conformational differences at these locations are probably attributable to participation in nonphysiological intermolecular packing interactions in this structure. This inference is consistent with the fact that these loops also show slight conformational differences when comparing the two NCS-related subunits in the complex structure (Fig. S5A ).
Technical details of the FRET experiments.
In order to evaluate whether the C-terminal PilZ domains in the VCA0042/PlzD undergo a substantial reorientation upon c-di-GMP binding, as inferred from the crystal structures, a protein construct was engineered to contain a single covalently bound fluorophore near the extreme C-terminus of the protein. This region moves substantially closer to itself across the dimer axis when comparing the apo and c-di-GMP-bound crystal structures of VCA0042/PlzD (Fig. 4 in the main text) . Therefore, fluorophores bound at this site in both subunits of the dimer should experience enhanced fluorescence resonance energy transfer (FRET) in the bound state if a similar ligand-dependent conformational change occurs when the protein is free in solution. This phenomenon leads to fluorescence quenching when the same fluorophore is bound at both sites if its absorption and emission spectra overlap, as is the case for a variety of well-known "self-quenching" fluorophores including fluorescein. With this goal in mind, residue asn-247 was selected for mutagenesis to cysteine and derivatization with a maleimide derivative of Alexa-Fluor 488, whose fluorescence absorption and emission spectra are both very similar to those of fluorescein (which has a Förster radius of ~44 Å). The Cα atoms of this residue are separated by 72 Å in the dimer in the apo structure of VCA0042/PlzD but only 25 Å in the complex structure (Fig. 5 in the main body of this paper). Asn-247 is the final or penultimate residue visible in both crystal structures and is somewhat flexible based on its elevated backbone B-factors (60-75 Å 2 in the complex structure compared to a mean of 28 Å 2 (Table 1) ). Furthermore, it does not make any sidechain H-bonds in either crystal structure. Therefore, beyond successful use of asn-to-cys mutations previously in a variety of other proteins, such a mutation seemed unlikely to alter either protein structure or function based on a variety of criteria.
Although there are four cys residues in the VCA0042/PlzD protomer, the sidechains of three of these are buried in both the apo and c-di-GMP complex structures and therefore will not react with cys-directed protein modification reagents. However, cys-207 in the native protein is solvent exposed, so this residue had to be removed before cys-directed fluorophores could be introduced at a single chosen location. Therefore, cys-207 was mutated to alanine in the same thr-23 through ala-248 construct used for crystallization, and the resulting C207A protein was expressed, purified, and evaluated for its stability and c-di-GMP binding potential using thermal shift measurements. Once it was confirmed to have an equivalent melting temperature to the wild-type protein in the presence and absence of ligand (data not shown), the N247C mutation was introduced into this construct, and the resulting double mutant was similarly verified to have unaltered thermodynamic properties. This protein was treated with Alexa-Fluor 488 maleimide to label the protein with this fluorophore at residue cys-247. The protein was purified and fluorescence scans of an SDS-PAGE gel were used to verify covalent attachment of the fluorophore to the protein as well as the absence of free fluorophore in the final protein stock (as described in the Supplementary Methods below).
Several experimental factors prevent quantitative interpretation of the 16% fluorescence quench observed in the FRET experiment. The inferred flexibility of the c-di-GMP switch in the absence of ligand is likely to reduce the mean separation between the PilZ domains in the apo state of the dimer compared to the conformation trapped in the crystal lattice, while flexibility in the chemical linkage of the fluorophore to the protein is likely to increase inter-fluorophore separation in the ligand-bound state of the dimer. These two factors prevent accurate prediction of the change in mean separation between dye molecules induced by ligand binding but suggest that it is likely to be substantially less than that of residue of asn-247. Another factor complicating quantitative interpretation of the FRET data is that incomplete labeling of the protein leads to a very steep reduction in quenching efficiency. First, both protomers in a dimer must be labeled for FRET to occur, which itself produces an effectively quadratic reduction in efficiency.
Second, singly labeled dimers which cannot undergo FRET contribute disproportionally to the total emission intensity because partial self-quenching will occur in doubly labeled dimers even in the apo conformation. This factor further reduces the fractional quenching observed from the total population if there is any significant fraction of unlabeled protein in the sample. While these factors prevent quantitative interpretation of the FRET data, its qualitative features nonetheless provide strong support for the occurrence of a c-di-GMPdependent conformational change similar to that inferred from comparison of apo and ligandbound crystal structures.
An extensive cooperative H-bonding network is involved in c-di-GMP binding to VCA0042/PlzD.
The phosphoribosyl backbone of c-di-GMP participates in a cooperative H-bonding network including sidechain and backbone atoms from more than a dozen protein residues that interact with an extensive set of ordered water molecules (partially shown in Figs. 6A-B & S6). In addition to every residue mentioned above as H-bonding to c-di-GMP, this network includes backbone atoms from leu-135, lys-137, and glu-138 in the c-di-GMP switch plus sidechains groups from the latter two residues as well as ser-166 and glu-221. A striking example of this network involves the two mutually H-bonded water molecules shown in Figs. 6B & S6. One of these H-bonds to one of the 2' ribosyl hydroxyl groups on c-di-GMP as well as the sidechains of glu-138 and ser-164, while the other H-bonds to the adjacent phosphate on c-di-GMP as well as the backbone of glu-138 and the sidechain of arg-140. This local network connects via additional direct or water-mediated H-bonds to every H-bonding residue mentioned above with the exception of arg-136. Glu-138 and some of the other residues with sidechains participating in the cooperative water-mediated H-bonding network observed in VCA0042/PlzD are only partially conserved in PilZ domain sequences (i.e., lys-137, ser-166, arg-169, asn-208, and glu-221) . The sequence variability at these positions suggests that the exact features of this network will differ in specific PilZ domains, but the participation of many protein backbone atoms and invariant sidechains suggests that all PilZ domains are likely to have an equivalent cooperative water-mediated H-bonding network participating in the binding of c-di-GMP. 
Supplementary Materials and Methods
Phylogenetic analyses. The published PilZ domain alignment (Amikam and Galperin, 2006) was input into PSI-BLAST (Altschul et al., 1997) to construct a position-specific scoring matrix, which was used to identify and align PilZ domains in 295 fully sequenced eubacterial genomes available during of the summer 2006. Fig. 1A shows one protein from each likely orthologue group (S.K. Handelman and J.F. Hunt, unpublished results) and represents the consensus of 500 bootstrap replicates generated by maximum parsimony using MEGA 3.1 (Kumar et al., 2004) . Splits with less than 25% support are not shown. Iterative PSI-BLAST analyses used an e-value cutoff of 10 -3 for inclusion, while the Conserved Domain Database (Marchler-Bauer et al., 2005) analyses summarized on the right of Fig. 1A were conducted using RPS-BLAST with a score threshold of 20 (Altschul et al., 1997) .
Materials. C-di-GMP was purchased from Axxora ( San Diego, CA) and used without further purification. Nominal c-di-GMP stock concentration was determined via UV absorbance using the vendor's estimate of ε 253 = 25,000 M -1 cm -1 (which is very similar to the published estimate of ε 254 =23700 M -1 cm -1 (Hyodo and Hayakawa, 2004) and close to twice the well established extinction coefficient of GMP). However, TLC analyses (Tischler and Camilli, 2005) on fluorescent PEI cellulose plates visualized using 254 nm light and compared to GMP and GDP standards suggested the presence of UV-absorbing impurities in the stocks and a lower concentration of c-di-GMP than estimated from UV absorbance. Because TLC analyses cannot be used for accurate quantitation of ligand concentration, an adjusted c-di-GMP concentration equal to ½ that of the nominal concentration was estimated based on the results of curve-fitting analyses of the ITC data (explained in detail below). Graphs in the main text (Figs. 2 & 5) and Supplemental Information (Fig. S2 ) are all plotted using this adjusted concentration, but the results of curve-fitting analyses on these data performed using either the nominal or adjusted c-di-GMP concentrations are both presented in Table S1 .
Buffers. Elution Buffer contained 250 mM imidazole, 300 mM NaCl, 10% glycerol, 8 mM ß-mercaptoethanol, and 10 mM Tris-Cl, pH 8.0. Binding Buffer contained 5 mM MgCl 2 , 10 mM KCl, 300 mM NaCl, 10% glycerol, 8 mM ß-mercaptoethanol, and 10 mM Tris-Cl, pH 8.0 (Christen et al., 2005; Weinhouse et al., 1997) .
Protein expression and purification. A truncated version of the VCA0042/plzD gene encoding thr-23 through ala-248 of the 251 residue native protein was amplified by PCR using genomic DNA from El Tor biotype Vibrio cholerae strain O395 (A. Camilli laboratory strain) (Taylor et al., 1987) and cloned into T7 expression vector pET28(b) (EMD Biosciences, San Diego, CA) using NdeI and HindIII restriction sites. The termini of this construct were selected based on the limits of the well-ordered protein structure observed in the crystal structure of apo The protein encoded by this plasmid has an N-terminal extension with sequence MGSSHHHHHH SSGLVPRGSHM (i.e., including a hexahistidne tag) that is disordered in both subunits in the complex structure (Table 1 in the main text). For FRET experiments, the C207A and then N247C mutations were introduced into the same expression plasmid using sequential rounds of Quick Change mutagenesis (Stratagene, La Jolla, CA). Following sequence verification, expression plasmids were transformed into E. coli BL21λ(DE3) cells containing a rare tRNA expression plasmid. A two-liter culture was grown at 37˚ C in well aerated LB broth to an OD 600 of 0.5, at which point protein expression was induced by 0.5 mM isopropyl-ß-Dthiogalactopyranoside (IPTG) for 5 hours at 18º C. Cells were flash-frozen in liquid N 2 and stored at -80ºC after washing with Elution Buffer without imidazole containing in addition 1 mM phenylmethylsulfonyl fluoride (PMSF). Following thawing and resuspension in the same buffer, cells were ruptured using 3 passes at 25,000 psi through an EmulsiFlex-C3 homogenizer (Avestin, Ottawa, Canada). The supernatant from a 30 minute spin at 14,000 rpm was mixed with 5 ml of a slurry of nickel-nitrilotriacetic (Ni-NTA) superflow resin (Qiagen, Valencia, CA) and placed on rotator for 30 minutes at 4˚ C. The slurry was then poured into a gravity-flow column and washed in Elution Buffer with 30 mM instead of 250 mM imidazole (and without PMSF) until no evidence of protein elution was observed in qualitative Bradford assays. Finally, the protein was eluted using Elution Buffer, and protein-containing fractions were dialyzed at 4˚ C against 1 L of Binding Buffer. The ß-mercaptoethanol in this buffer was replaced with 2 mM tris-[2-carboxyethyl]-phosphine (TCEP) when purifying the C207A, N247C double mutant for fluorescent derivatization. The buffer was changed after 5 hours, and dialysis was continued overnight. The dialyzed sample was centrifuged to remove precipitated protein, and the supernatant, which typically had a protein concentration of ~6 mg/ml (~220 µM), was used for crystallization and other experiments without further concentration. Single-use aliquots were flash-frozen in liquid N 2 and stored at -80˚ C.
Quantitation of protein stock concentrations. Protein concentration was routinely evaluated using both UV absorbance measurements (based on an a priori extinction coefficient of 9,970 M -1 cm -1 ) and refractive index (RI) measurements, which generally agreed within 10%. Absorbance was measured after dilution into 6.0 M Gdn-HCl, 20 mM sodium phosphate, pH 6.5, against a blank comprising an equivalent dilution of the final dialysis buffer. For RI measurements, samples were injected onto a Shodex 802.5 silica-based analytical gel filtration column (Showa Denko, Tokyo, Japan) monitored by an Optilab RI detector (Wyatt Inc., Santa Barbara, CA), and peak integration was conducted the ASTRA software supplied with the instrument. The concentration of the protein stock solution used for the ITC experiment shown in Fig. 2 in the main text was estimated to be 6.1 µM based on UV absorbance measurements or 5.9 µM based on RI measurements. This protein sample was also analyzed using quantitative amino acid analysis (using a 3-fold increase relative to the standard hydrolysis volume in order to dilute the glycerol in the buffer), which yielded an estimate of 4.7 µM. While this last technique provided a rigorous verification of approximate protein concentration, the ITC data were analyzed using the average of the values from UV absorbance and RI measurements (i.e., 6.0 µM) because of the greater precision of those techniques.
Protein crystallization. Following thawing of protein aliquots, c-di-GMP was added to a final concentration of 300 µM before setting up 1 µl + 1 µl hanging drop vapor-diffusion reactions at 4˚ C over a reservoir containing 1 mL of 22% PEG3350, 220 mM potassium acetate, 100 mM Na-MES, pH 6.5. Monoclinic-shaped crystals grew to dimensions of approximately 50 x 100 x 100 µm in 4 days and were flash-frozen in liquid propane after brief passage through a small volume of the well solution supplemented with 25% ethylene glycol.
Quantitative analysis of ITC data.
Curve-fitting exercises conducted using the nominal c-di-GMP concentration calculated based on the UV absorbance of the stock solution gave consistently anomalous results. Analyses using a sequential (cooperative) binding model were unable to converge, while those conducted using a single independent-site binding model yielded a stoichiometry estimate of more than 2 c-di-GMP molecules per protomer of VCA0042/PlzD. The physically unreasonable value of this parameter indicated that either the protein concentration was underestimated or the c-di-GMP ligand concentration was overestimated (Myszka et al., 2003) using the standard quantitation procedures described above. As explained in detail (at the bottom of p. 8) above, three independent measurements of protein concentration all agreed to within 30%, and the more precise estimates agreed even more closely. In contrast, TLC analyses suggested a lower concentration of c-di-GMP than estimated from UV absorbance measurements (middle of p. 7 above). Therefore, it was concluded that the non-physical stoichiometry value obtained when fitting the ITC data was attributable primarily to overestimation of c-di-GMP stock concentration. On this basis, the estimate of c-di-GMP stock concentration was empirically adjusted to yield a stoichiometry of ~1 when the ITC data were fit using the single independent-site binding model. While lower stoichiometries are possible due to the presence of inactive protein in the preparation, this assumption will yield the most conservative estimates of the ligand binding affinity and the enthalpy, entropy, and free energy of binding. With the adjusted c-di-GMP concentration estimate, the ITC data can be fit equally well using an independent-site non-cooperative binding model or a two-site sequential binding model with partial positive cooperativity (Table S1 ), although the data from other binding assays on are fit somewhat better assuming partial positive cooperativity (Figs. S2 & 6) . The equivalent cooperative binding parameters corresponding to the sequential model (Table S1) were estimated by using the equation and methods described in the next section to fit a binding isotherm simulated using the following equation:
Thermal shift assays. The fluorescence of Sypro Orange (Invitrogen, Carlsbad, CA) was monitored as a function of temperature using a Stratagene Mx3005P 96-well realtime PCR (Stratagene, Cedar Creek, TX) machine as previously described (Matulis et al., 2005) . Experiments were conducted using a heating rate of 0.5˚ per minute with an excitation wavelength of 492 nm. T m 's were calculated as the midpoint of the fluorescence transition relative to linear extrapolations of the low and high temperature baselines. The 
where n is cooperativity of binding, [L f ] is the free ligand concentration, T m-apo is the T m in the absence of ligand, and ∆T m is the shift in T m in the presence of saturating concentrations of c-di-GMP. Curve-fitting was performed using the algorithm of Marquart and Levenberg as implemented in the program Prism (GraphPad, San Diego, CA). The value of n was optimized simultaneously with the values of K d , T m-apo and ∆T m when for the positively cooperative binding model but fixed at 1.0 for the independent-site non-cooperative binding model. Total fluorescence and anisotropy isotherms from the FRET experiment (Fig. 5 in the main text) were fit using the same methods. Given the low protein concentrations used in the thermal shift and FRET assays combined with the inherent limitations in the quantitative accuracy of using thermal shift data to determine K d , the free ligand concentration was assumed to equal the total ligand concentration in these analyses.
Hydrodynamic measurements. Static light-scattering measurements were performed at 4˚ C as previously described (Goldsmith-Fischman et al., 2004) . Sedimentation velocity analytical ultracentrifugation experiments were performed at 20˚ C as previously described (Benach et al., 2003) with the solvent density calculated to be 1.03438 g/ml by SEDNTERP (Schuck, 2000) and the frictional ratio f/f 0 initially set to 1.2 prior to refinement. For all datasets, SEDFIT (Schuck, 2000) refinement gave an RMSD below 0.1% for the entire ensemble of scans. Dynamic light scattering measurements were performed at room temperature using a Dynapro plate reader with version 6.7.3 of the DYNAMICS software (Wyatt Inc., Santa Barbara, CA). Samples with a volume of 25 µl were passed through 0.22 µm Spin-X centrifugal filters (Costar, Cambridge, MA) and transferred to an optically clear 384-well plate (Thermo Electron, Vantaa, Finland) for measurement using a wavelength of 820 nm. Ten scans of each sample with 10 second averaging time were averaged.
Protein labeling for FRET experiments.
Alexa-Fluor 488 maleimide from Invitrogen (Carlsbad, CA) was dissolved in 5 µl DMSO and then diluted 1:19 using Binding Buffer with ß-mercaptoethanol replaced by 2 mM TCEP. Approximately 700 nanomoles of the fluorophore was added to 70 nanomoles of the C207A, N247C double mutant protein in a stock solution at 7.5 mg/ml in the same buffer. The resulting mixture was stirred overnight at 4˚ C in an Eppendorf tube using a small Teflon stirbar. The reaction was quenched by addition of 20 mM ß-mercaptoethanol, and stirring was continued for 10 minutes. Excess maleimide was removed by a series of 5 concentration / dilution steps a Centricon 10 ultrafiltration device (Millipore; Billerica, MA) using Binding Buffer. Covalent labeling of the protein and complete removal of free fluorophore were verified by running the labeled sample in parallel with an unlabeled marker and free fluorophore on a SDS polyacrylamide gel, in which covalently bound fluorophore migrates with the protein while free fluorophore migrates with the dye front. An unfixed gel was scanned using a Molecular Dynamics Storm 860 fluorescence scanner (GE healthcare, Piscataway, NJ) with 450 nm excitation and 520 nm emission filters, and images were analyzed using ImageQuant TL software (GE healthcare). No fluorescence was detected at the position of free fluorophore in the labeled sample, while the protein band was strongly fluorescent. The gel was subsequently fixed and stained with Coomasie Brilliant Blue to estimate of the concentration of protein recovered. FRET measurements were conducted at 25˚ C as previously described (Fak et al., 2004 ) using a QuantaMaster C-61 spectrofluorimeter from PTI (Monmouth Junction, NJ) equipped with dual photomultiplier detectors and three GlanThompson polarizers for T-format polarization measurements (Lakowicz, 1983) . Excitation was at 488 nm, emission was monitored at 518 nm, and 4 nm slits were used on all monochromators. Titrations were conducted in Binding Buffer using a protein concentration of ~40 nM. Emission of the visible fluorophore was monitored continuously during the course of the titration. After allowing the sample to equilibrate for 3 minutes without ligand, c-di-GMP was added in 30 nM increments spaced 2 minutes apart. The observed fluorescence and anisotropy values were averaged in a window comprising the final 20 seconds before the next addition of ligand. Addition of buffer alone was verified to produce no change in fluorescence. The g-value was determined using a 20 second measurement on the same protein sample at the beginning of the titration. Total fluorescence was calculated as ( + 2g ), while anisotropy was calculated as (( -g )/( + 2g )). Thermodynamic binding parameters were estimated from the resulting data (Table S1 ) using the same methods described above for analysis of the data from thermal shift assays.
Molecular graphics. PYMOL (DeLano, 2002) (pymol.sourceforge.net) was used to generate all molecular graphics images presented in this paper. Figure S1 . Multiple sequence alignment of representative PilZ domains from the cladogram in Fig. 1A . Secondary structural schematics equivalent to those in Fig. 1B are shown for the PilZ domains in VCA0042/PlzD and PA4608, respectively, above and below the sequence alignment. Arrows represent β-strands while sinusoidal lines represent α-helices, and secondary structural elements are numbered according to their position in the PilZ domain. The magenta symbols above the sequence alignment represent contacts to the c-di-GMP ligand, with squares and circles representing respectively van der Waals contacts or a combination of both van der Waals contacts and H-bonds. The strongly conserved hydrophobic residues (other than glycine) all pack in the core of the β-barrel, while the other strongly conserved residues all make direct contact to c-di-GMP . This panel was produced with ESPRIPT (Gouet et al., 1999) based on a PSSM (Altschul et al., 1997) derived from the alignment presented in Figure 1 from (Amikam and Galperin, 2006) and alignment manually adjusted to match the structural alignment. (B) The T m 's from the experiments in panel A plotted as a function of c-di-GMP concentration. The apparent K d and cooperativity values (n) determined from these data should be considered approximate estimates because of the thermodynamic complexities of these experiments (Matulis et al., 2005) . A similar c-di-GMP-dependent shift in T m was observed in Binding Buffer or the same buffer containing 10 mM EDTA (and 0.1 mM MgCl 2 ) in place of 5 mM MgCl 2 , indicating that Mg ++ is not required and that K + may not be required for ligand binding (data not shown). PRISM (GraphPad Software, Inc.; San Diego, CA) was used to generate these panels. (C) Difference in the number of intersubunit contacts between protomers. (D) Absolute number of intersubunit contacts between protomers in the apo structure. DELTAGRAPH (Red Rock Software, Inc.; Salt Lake City, UT) was used to generate this figure. Figure S5 . Superposition of VCA0042/PlzD domains from the apo and c-di-GMP complex structures. Structural alignments were performed by DALI (Holm and Sander, 1993) . Cα traces of the domains are colored as in Fig. 2 . In the panels comparing the two molecules related by non-crystallographic symmetry (NCS) in the c-di-GMP complex structure, darker colors are used for molecule A and lighter colors for molecule B. In the panels comparing the apo and ligand-bound structures, darker colors are used for the apo structure and lighter colors for the c-di-GMP complex. (A) Independently observed C-terminal PilZ domains in the asymmetric unit of the complex structure. (B) PilZ domains from the apo and complex structures. (C) Independently observed YcgR-N* domains in the asymmetric unit of the complex structure. (D) YcgR-N* domains from the apo and complex structures. The alignment matrix was optimized using only the subunit on the left so that the displacement in the subunit on the right reflects a minor 0.6˚ reorientation between the YcgR-N* domains in the dimer, which could be caused either by c-di-GMP binding or by packing difference in the two crystal forms. Nitrogen, oxygen, and phosphorous atoms are colored blue, red, and orange, respectively, in both copies. Note that a two-fold rotational axis running almost perpendicular to the plane of the page relates the two superimposed views of the protein molecule. The di-guanidino motif formed by arg-178 and arg-359 simultaneously makes analogous stacking and H-bonding interactions with both of the c-di-GMP molecules forming the non-covalent dimer. One set of interactions (shown in green) involves sidechain conformations and binding geometry very similar to those observed in VCA0042/PlzD (as shown explicitly in Fig. 6C in the main text) , while the other set maintains the same kinds of interactions even though the sidechain conformations and binding geometry are different (as shown in Fig. 6D in the main text) . equivalent domain organization were combined in a single sequence alignment (performed by CLUSTAL-W (Thompson et al., 1994) ), which was input into CONSURF (Glaser et al., 2003) to assess position-specific phylogenetic conservation. The most strongly conserved positions are listed in Table S3 . Because this analysis groups together paralogous proteins (i.e., homologous proteins likely to differ in molecular function), it will miss sites that are conserved within a single orthologue group but that very between the 8 different orthologue groups combined for the analysis. Such variations are expected because proteins in the different group are likely to interact with different binding partners and therefore make at least some distinct structural interactions. However, this analysis presented here is the best that can be done with the available sequence data because there is insufficient phylogenetic diversity within any single orthologue group to perform a meaningful analysis of sequence conservation exclusively among proteins likely to share the same molecular function.
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